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The apolipoprotein A5 gene (APOA5) has been repeatedly implicated in lowering plasma triglyceride levels.
Since several studies have demonstrated that hyperinsulinemia is associated with hypertriglyceridemia, we
sought to determine whether APOA5 is regulated by insulin. Here, we show that cell lines and mice treated with
insulin down-regulate APOA5 expression in a dose-dependent manner. Furthermore, we found that insulin
decreases human APOA5 promoter activity, and subsequent deletion and mutation analyses uncovered a
functional E box in the promoter. Electrophoretic mobility shift and chromatin immunoprecipitation assays
demonstrated that this APOA5 E box binds upstream stimulatory factors (USFs). Moreover, in transfection
studies, USF1 stimulates APOA5 promoter activity, and the treatment with insulin reduced the binding of
USF1/USF2 to the APOA5 promoter. The inhibition of the phosphatidylinositol 3-kinase (PI3K) pathway
abolished insulin’s effect on APOA5 gene expression, while the inhibition of the P70 S6 kinase pathway with
rapamycin reversed its effect and increased APOA5 gene expression. Using an oligonucleotide precipitation
assay for USF from nuclear extracts, we demonstrate that phosphorylated USF1 fails to bind to the APOA5
promoter. Taken together, these data indicate that insulin-mediated APOA5 gene transrepression could involve
a phosphorylation of USFs through the PI3K and P70 S6 kinase pathways that modulate their binding to the
APOA5 E box and results in APOA5 down-regulation. The effect of exogenous hyperinsulinemia in men showed
a decrease in the plasma ApoAV level. These results suggest a potential contribution of the APOA5 gene in
hypertriglyceridemia associated with hyperinsulinemia.

Several epidemiological studies have established that, in ad-
dition to an elevated cholesterol level in low-density lipopro-
tein and reduced cholesterol level in high-density lipoprotein
(HDL), hypertriglyceridemia is an independent risk factor for
coronary heart diseases (12, 22). Moreover, hypertriglyceride-
mia is often associated with the metabolic syndrome that char-
acterizes diabetes and obesity (21, 35). Type 2 diabetes is
frequently linked to hyperglycemia, hyperinsulinemia, and hy-
pertriglyceridemia, and the leading cause of death for individ-
uals with diabetes is cardiovascular diseases (34).

The apolipoprotein A5 gene (APOA5) was identified through
comparative sequence analysis of genomic DNA sequences
and has been shown to be important in determining plasma
triglyceride levels in mice and humans (42). This gene is mainly
expressed in the liver and resides in HDL and very low density
lipoprotein particles (42, 59). It has been demonstrated that
mice expressing a human APOA5 transgene showed a decrease
in plasma triglyceride concentration to one-third the levels in
control mice. Conversely, knockout mice lacking APOA5 had

four times as much plasma triglycerides as controls. Moreover,
adenoviral overexpression of APOA5 reduced serum levels of
triglycerides and cholesterol in mice (60). Recent works fo-
cused on the triglyceride-lowering mechanism demonstrated
an interaction between ApoAV, lipoprotein lipase, and Apo-
CIII (2, 18, 48, 64). Furthermore, strong genetic associations
have been described between polymorphisms in the APOA5
gene and triglyceride concentrations in humans (1, 3, 15, 36,
37, 45, 51, 57). Finally, peroxisome proliferator-activated re-
ceptor � (PPAR�) agonists are known to have hypotriglyceri-
demic effect, and several recent studies demonstrated that the
APOA5 gene is highly up-regulated by PPAR� and the farne-
soid X receptor (44, 61).

Insulin plays a major role in the regulation of carbohydrate
and lipid metabolism in liver, adipose tissue, and muscle. A
wide variety of biological responses are regulated by insulin in
coordination with other hormones, such as glucagon, to main-
tain glucose homeostasis. Hepatic fatty acid oxidation, lipogen-
esis, and protein synthesis are subject to regulation by insulin
(41). Insulin controls the lipid synthesis from glucose in liver
and adipose tissue and controls the exportation of fatty acids
into lipoproteins from the liver to the extrahepatic organs.
Some of these effects are exerted on the transcription level
through a cascade of events. Binding of insulin to the insulin
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receptor on cell membrane triggers tyrosine kinase activity of
the insulin receptor and results in its autophosphorylation
within the cytoplasmic domain (8, 40). Tyrosine-phosphory-
lated insulin receptor then interacts with insulin receptor sub-
strates (IRSs). Phosphorylation of IRS-1 and IRS-2 on the
tyrosine residues then results in the recruitment and activation
of divergent signaling molecules, including those in the Ras/
mitogen-activated protein (MAP) kinase and the phosphati-
dylinositol 3-kinase (PI3K) pathways. One of the major down-
stream mediators of PI3K is the protein kinase B (PKB)/Akt
(5, 17, 30–32). PI3K has also been suggested to activate P70 S6
kinase, which is thought to be important for stimulation of
protein synthesis by insulin (11). While the Ras/MAP kinase
pathway is believed to play an important role in the mitogenic
effects of insulin (27, 40), PI3K is being demonstrated as an
important mediator in metabolic regulation. Indeed, PI3K has
been shown to mediate insulin inhibition of the transcription of
the phosphoenolpyruvate carboxykinase (PEPCK) gene, which
encodes the rate-limiting enzyme in gluconeogenesis (19, 55,
56), and insulin stimulation of the fatty acid synthase (FAS)
promoter, a critical enzyme involved in lipogenesis (62). It is
well known that insulin plays a key role in cardiovascular dis-
eases through gene regulation of several apolipoproteins. In
this regard, in HepG2 cells, insulin increases apolipoprotein
A1 (APOA1), the major apolipoprotein component of HDL,
which has an intrinsic antiatherogenic property (39, 50). In
addition, insulin decreases apolipoprotein C3 (APOC3) in
transgenic mice (9, 25), and APOC3 is positively associated
with hypertriglyceridemia. Last, in cultured hepatocytes, insu-
lin increases apolipoprotein A4 (APOA4), which plays a role in
the prevention of atherosclerosis through the reverse choles-
terol transport from peripheral tissues to the liver (14, 16, 53).

Upstream stimulatory factors (USFs) are ubiquitous mem-
bers of the basic-helix-loop-helix (bHLH) family of transcrip-
tion factors. First identified for their involvement in transcrip-
tion from the adenovirus major late promoter (6, 38, 46), USF
proteins were purified as two polypeptides of 43 and 44 kDa,
termed USF1 and USF2, respectively (47). In addition to the
bHLH structure, a leucine zipper is immediately adjacent and
is also important for USF dimerization, and the two USF
proteins bind to the 5�-CANNTG-3� E-box motif with identical
DNA binding specificity (52). USFs have been involved in the
basal transcription of a number of genes including the FAS
gene (7, 54, 62, 63). However, sterol response element binding
protein 1 (SREBP-1) has been proposed by other authors as
the FAS key activator (28). Indeed, SREBPs are bHLH-Zip
transcription factors devoted to the control of genes involved
in lipid metabolism, and unlike other members of the bHLH-
Zip family, SREBPs were shown to bind not only to their
specific target sites, namely the sterol response elements, but
also to canonical E boxes (4, 29). In a recent paper, we dem-
onstrated that the liver X receptor ligand T0901317 down-
regulated APOA5 gene expression through activation of
SREBP-1 (26).

The signaling pathways responsible for mediating the effects
of insulin on lipid metabolism gene regulation are not well
known. Since APOA5 is a critical apolipoprotein involved in
triglyceride metabolism, we set out to investigate the regula-
tion of the APOA5 gene by insulin and the signaling pathway
involved in this regulation. In this report, we provide experi-

mental evidence to demonstrate that insulin down-regulates
APOA5 gene expression, and our results suggest that insulin
regulation is mediated via the PI3K signaling pathway, which
modulates the binding of USFs to APOA5 promoter.

MATERIALS AND METHODS
Cloning and construction of recombinant plasmids. Human APOA5 promoter

fragments (residues �304 to �63 [�304/�63], �146/�63, and �61/�63) were
amplified by PCR by using an APOA5 genomic bacterial artificial chromosome
clone as template and cloned in the pGL3 luciferase vector as reported previ-
ously (61). The following oligonucleotide primers were used for the PCR: for-
ward, 5�-TCT GTT GGT GGG CCA GCC AG-3�, 5�-GGT GCC AGG GAA
AGG GCA GG-3�, and 5�-CAA TTG GTG CCA GAG GCT CAG-3�; reverse,
5�-AAT GCC CTC CCT TAG GAC TGT GAC-3�. Site-directed mutagenesis
(Stratagene) for the E box was done with following primer (mutated bases are
indicated in bold): 5�-CTT TTG AAC TTC CCC GCG GTA TTT ACT CAG-3�.

Cell culture. The human hepatic cell lines HepG2 and HuH7 were maintained
in Dulbecco’s modified Eagle’s minimal (DMEM) medium containing 4.5 g of
glucose per liter, supplemented with 10% fetal calf serum (FCS), 1% glutamine,
1% penicillin-streptomycin, 1% sodium pyruvate, and 1% nonessential amino
acids (Invitrogen). The culture was maintained at 37°C in a humidified atmo-
sphere containing 5% CO2. Medium was changed every other day. Before treat-
ment, cells were deprived of glucose for 18 h. For experiments with the inhibitors
of various signaling molecules, the cells were treated for 1 h with inhibitors at
different concentrations (LY294002, 10 �M; wortmannin, 10 nM; PD98059, 10
�M; staurosporine, 5 nM; and rapamycin, 10 nM) before the addition of insulin.
The same volume (less than 0.1% of the total volume of culture medium) of
vehicle (dimethyl sulfoxide [DMSO]) was used as the negative control.

Primary rat hepatocytes. Rat hepatocytes were isolated by collagenase perfu-
sion from livers of Wistar rats as described previously (58). Hepatocytes (cell
viability higher than 85% by trypan blue exclusion test) were cultured as a
monolayer in serum-free William’s E medium supplemented with 2 mM glu-
tamine, 25 �g of gentamicin per ml, 100 nM dexamethasone, and 0.1% fatty
acid-free bovine serum albumin (BSA) at 37°C in a humidified atmosphere
containing 5% CO2. After a 6-h incubation, medium was changed to glucose-free
DMEM supplemented with 2 mM glutamine, 25 �g of gentamicin per ml, 100
nM dexamethasone, 10 mM lactate, and 5.5 mM glucose. After overnight culture,
cells were incubated for the indicated time in fresh culture medium supple-
mented with 2 mM glutamine, 25 �g of gentamicin per ml, and 100 nM dexa-
methasone.

Primary human hepatocytes. Human hepatocytes were isolated from the liver
of a 21-year-old woman. Hepatocytes were cultured in William’s E medium
supplemented with 10% FCS, 0.1% BSA, 10 nM T3, and 1 �M dexamethasone
at 37°C in a humidified atmosphere containing 5% CO2. After 6 h of incubation,
medium was changed to FCS-free medium supplemented with 0.1% BSA, 10 nM
T3, and 1 �M dexamethasone for 18 h. Next, cells were incubated for 16 h in a
culture medium deprived of glucose and FCS and supplemented with 100 nM
dexamethasone and 10 nM T3. Finally, cells were treated in the same fresh
medium with different concentrations of insulin as described in Results.

RNA extraction and real-time PCR analysis. Total RNA from hepatic cells or
mouse liver was extracted by using a NucleoSpin RNA II kit (Macherey-Nagel).
An mRNA quantification analysis was performed after a reverse transcription by
using random hexamer primers with the Omniscript Reverse transcriptase kit
(QIAGEN), followed by a real-time PCR with the MX 4000 apparatus (Strat-
agene).

APOA5 mRNA was quantified and normalized with the 36B4 gene, which
codes for the human acidic ribosomal phosphoprotein. Specific primers used for
the amplifications are as follow: hAPOA5 forward, 5�-ACG CAC GCA TCC
AGC AGA AC-3�; hAPOA5 reverse, 5�-TCG GAG AGC ATC TGG GGG
TC-3�; rAPOA5 forward, 5�-GCC TGG GAA GGA GCC TCC TCG GC-3�;
rAPOA5 reverse, 5�-GCT CCA TCA GCT CGA CCG TGT AGG G-3�;
mAPOA5 forward, 5�-CTC TGT CCC ACA AAC TCA CAC G-3�; mAPOA5
reverse, 5�-AGG TAG GTG TCA TGC CGA AAA G-3�; 36B4 forward, 5�-CAT
GCT CAA CAT CTC CCC CTT CTC C-3�; and 36B4 reverse, 5�-GGG AAG
GTG TAA TCC GTC TCC ACA G-3�.

The PCR amplifications were performed with a Brilliant Quantitative PCR
Core Reagent kit as recommended by the manufacturer (Stratagene). Indepen-
dent experiments were done at least three times in triplicate. Levels of mRNA
were expressed relative to untreated cells as means � standard deviation (SD).
Statistical significance was assessed with a Student’s t test.

Animals and treatment. Female C57BL/6 mice weighing between 20 to 25 g
were purchased from Charles River Laboratories. Mice were maintained on
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standard rodent chow diet. Three groups of six mice were studied. After 4 h of
fasting, mice were then injected intraperitoneally with 0.5 or 1 U of insulin per
kg of body weight or with vehicle as a control. At 6 h after the injection of insulin,
the livers were excised and snap-frozen in liquid nitrogen for total RNA extrac-
tion. Mouse apoa5 mRNA was quantified and normalized with the 36B4 gene.

Transient transfection assays. Transfection studies were carried out with
human hepatoma HepG2 cells in 24-well plates. Culture medium was changed to
fresh medium in order to deprive the cells of glucose for 18 h. Transfection
studies were performed at 50 to 60% confluency with jetPEI cationic polymer
transfection reagent (Qbiogene). Cells were transfected with 3 �g of reporter
vector, which contains the �304/�63 human APOA5 promoter fragment. Simul-
taneously, 300 ng of cytomegalovirus–�-galactosidase expression vector as a
control was transfected in cells for transfection efficiency. For the deletion
analysis, cells were transfected with different constructions of the human APOA5
promoter. Three luciferase constructs were used for this experiment: �304/�63,
�146/�63, and �61/�63. After incubation for 2 h, cells were washed with
phosphate-buffered saline solution and incubated for 24 h with different concen-
trations of insulin. Cells were lysed and the cytosolic fraction was collected.
Luciferase activity was measured by using a Mithras LB 940 plate reader
(Berthold Technologies) and normalized according to �-galactosidase activity.
For the cotransfection experiments, 300 ng of USF1 expression vector was added
for the precipitation.

Preparation of nuclear extracts, electrophoretic mobility shift assay (EMSA)
and supershift assay. HepG2 cells were untreated or treated with 10 nM insulin
for 24 h, washed, resuspended in DMEM medium containing 10% FCS and 10%
DMSO, and frozen in liquid nitrogen and conserved at �80°C. For the prepa-
ration of nuclear extracts, cells were centrifuged at 1,000 rpm for 5 min with an
Eppendorf 5804R centrifuge and resuspended in 5 ml of buffer A (15 mM
Tris-HCl [pH 8], 15 mM NaCl, 60 mM KCl, 0.5 mM EDTA, 1 mM phenylmeth-
ylsulfonyl fluoride). Cells were then centrifuged at 1,000 rpm for 5 min at 4°C,
resuspended in 200 �l of buffer A with 0.05% Triton X-100, and centrifuged for
10 min with an Eppendorf 5804R centrifuge at 1,200 rpm. The pellet was washed
with 5 ml of buffer A–0.05% Triton X-100 and then with 5 ml of buffer A. The
nuclei were incubated in 50 �l of buffer A supplemented with 360 mM KCl at 4°C
for 30 min and centrifuged for 5 min with an Eppendorf 5417R centrifuge at
13,000 rpm. Protein concentration was determined with a Bio-Rad protein assay.
In vitro transcribed and translated human USF1 or unprogrammed reticulocyte
lysate were synthesized by using a TNT Quick-Coupled Transcription/Transla-
tion System (Promega). To study the insulin regulatory region in the APOA5
gene, a synthetic double-stranded oligonucleotide from the human APOA5 gene
was used: 5�-CTT TTG AAC TTC CAC GTG GTA TTT ACT CAG-3�. A 23-bp
double-stranded oligonucleotide containing the E-box consensus for the binding
of USFs (5�-CAC CCG GTC ACG TGG CCT ACA CC-3�) was used as a control
probe. For mutation studies, the probe was done with the following primer
(mutated bases are indicated in bold): 5�-CAC CCG GTC AAT TGG CCT ACA
CC-3�. Double-stranded oligonucleotides were T4-polynucleotide kinase end
labeled by using [�-32P]ATP and purified by using a QIAquick Nucleotide Re-
moval kit (QIAGEN). A total of 2.5 �g of nuclear extracts was preincubated in
a total volume of 20 �l for 30 min on ice with 2.5 �g of poly(dI-dC) and 1 �g of
herring sperm DNA in a binding buffer. For supershift experiments, 1 �g of
anti-USF1, anti-USF2, or anti-SREBP1 antibodies (Santa Cruz Biotechnology)
was added in this binding reaction. One microliter of end-labeled double-
stranded oligonucleotide was added before a second incubation for 30 min on
ice. Then, DNA-protein complexes were separated by electrophoresis on 5%
polyacrylamide gels in 0.25	 Tris-borate-EDTA buffer. The gel was dried and
exposed to a film with an intensifying screen.

Oligonucleotide precipitation assay and Western blotting. For this experi-
ment, 5� biotin-labeled oligonucleotides corresponding to the APOA5 E box used
in EMSA were employed. Two microliters of double-stranded biotin-labeled
oligonucleotides was incubated with 10 �g of nuclear extracts from HepG2 cells
in an EMSA mixture for at least 1 h at 4°C. After three wash steps with EMSA
binding buffer, 20 �l of streptavidin-Sepharose HP beads (Amersham Bio-
science) was added in the oligonucleotide protein complex for 1 h at 4°C. Then,
samples were centrifuged, washed, and boiled. Proteins were separated on 10%
polyacrylamide gels with sodium dodecyl sulfate (SDS) and incubated with an-
tibodies as recommended by the manufacturer (Santa Cruz Biotechnology).
After electrophoretic transfer to nitrocellulose membranes and blocking, the
membranes were incubated with polyclonal anti-USF1 and anti-USF2 antibodies
(1:200 dilution) for 2 h at room temperature. After intensive washing, secondary
antibody (1:10,000 dilution) was used for the detection of immunoreactive bands
with an enhanced chemiluminescence detection system (Amersham Biosciences).

ChIP assay. To detect the in vivo association of nuclear proteins with human
APOA5 promoter, a chromatin immunoprecipitation (ChIP) assay was con-

ducted as described by Upstate Biotechnology (Lake Placid, N.Y.) with some
modifications. Briefly, HepG2 cells were cultured in a 10-cm culture dish for 3
days in standard culture conditions. Formaldehyde was then added to the me-
dium at a final concentration of 1% for 10 min at 37°C. The cells were harvested,
suspended with SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl [pH
8.1]), and incubated on ice for 10 min. Lysates were sonicated, and debris was
removed from the samples by centrifugation for 10 min with an Eppendorf
5417R centrifuge at 13,000 rpm. Supernatants were diluted 10-fold in immuno-
precipitation buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris-HCl [pH 8.1], 167 mM NaCl) and precleared with protein A-Sepharose
beads that had been preabsorbed with salmon sperm DNA. The precleared
chromatin solution was incubated with anti-USF1 antibodies (Santa Cruz) over-
night at 4°C with rotation. For a negative control, a no-antibody immunopre-
cipitation was prepared by incubating the supernatant fraction with salmon
sperm DNA and protein A-Sepharose beads for 1 h at 4°C with rotation. The
immune complexes were then collected with the addition of protein A-Sepharose
beads and washed successively in low-salt buffer (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris-HCl [pH 8.1], 150 mM NaCl), in high-salt buffer (same
as the low salt buffer but with 500 mM NaCl), LiCl buffer (0.25 M LiCl, 1%
NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl [pH 8.1]), and Tris-
EDTA (pH 8.0). For detection of immunoprecipitated USF1, we performed
immunoblot analysis. After several washes of the beads, each sample was com-
pleted with 25 �l of Laemmli buffer (Bio-Rad) and boiled for 10 min. The
samples were subjected to 10% polyacrylamide gel electrophoresis under reduc-
ing conditions and transferred to nitrocellulose membrane to detect USF1 levels
by using polyclonal anti-USF1 antibodies as described previously. For DNA
study, each sample was eluted with freshly prepared 1% SDS and 0.1 M
NaHCO3, and then cross-links were reversed with the addition of 5 M NaCl.
Chromatin-associated proteins were digested with proteinase K (Sigma) (10
mg/ml) for 1 h at 45°C. The DNA was extracted with a QIAquick PCR purifi-
cation kit (QIAGEN) and subjected to PCR amplification with the forward
primer 5�-CCAGCCAGCAGGTCAGTG-3� and the reverse primer 5�-CGTCT
GGGCACAGAGAGC-3�, which were specifically designed from the APOA5
promoter. The 29-bp PCR products (�292/�6) were resolved by 2% agarose-
ethidium bromide gel electrophoresis and visualized by UV. The PCR product
was cloned into the pCRII-TOPO vector, and the recombinant vector was trans-
formed into competent Escherichia coli with TOPO TA cloning kit (Invitrogen).
The cloned PCR products were analyzed by sequencing and compared with the
human APOA5 promoter sequence.

Insulin clamp study in humans. Twelve healthy men participated in the study.
All subjects underwent a history and physical examination and laboratory tests
for exclusion of hepatic, renal, thyroid, and hematological abnormalities. None
of the subjects used any medication. The purpose, nature, and potential risks of
the studies were explained to the subjects before their written consent was
obtained. The study protocol was approved by the ethical committee of the
Helsinki University Central Hospital. All subjects were admitted at 7.30 a.m. to
the metabolic ward of the Department of Medicine, University of Helsinki, after
an overnight (12-h) fast. An indwelling cannula was inserted in an antecubital
vein for infusions. A second cannula was inserted retrogradely into a heated hand
vein to obtain arterialized venous blood for blood samplings. The study design
allowed each subject to serve as his own control. At time zero, infusion of saline
or insulin was started. The euglycemic clamp study was performed as previously
described (13). Insulin (Actrapid Human; Novo Nordisk, Copenhagen, Den-
mark) was infused in a primed continuous manner at a rate of 1 mU/kg of body
weight/min for 8 h. Normoglycemia was maintained by adjusting the rate of a
20% glucose infusion based on plasma glucose measurements which were per-
formed at 5-min intervals. Measurements of ApoAV protein level in human
plasma were done as described previously (18).

RESULTS

APOA5 gene expression is down-regulated by insulin in a
dose-dependent manner in hepatocytes. To determine whether
insulin can modulate APOA5 gene expression in a human
HepG2 cell line and in both primary human and rat hepato-
cytes, we analyzed APOA5 mRNA levels after a 24-h treatment
with insulin (10 nM). We observed a down-regulation of
APOA5 gene expression in all cellular models (Fig. 1A). In
HepG2 cells and human primary hepatocytes at 10 nM of
insulin, APOA5 gene expression is reduced by 46 and 60%,
respectively, after 24 h of treatment, while apoa5 gene expres-
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sion in rat primary hepatocytes is reduced by 90% (Fig. 1A). In
another human hepatic cell line, HuH7, we found that the
maximum decrease in APOA5 gene expression was reached
24 h after insulin treatment (Fig. 1B). We also demonstrated
that in rat primary hepatocytes the insulin-mediated down-
regulation of apoa5 is dose dependent (Fig. 1C). In this exper-
iment, we also analyzed the expression of the apoc3 gene and
confirmed its down-regulation by insulin (data not shown) as
previously reported (9, 25).

To investigate the regulation of apoa5 by insulin in vivo,
C57BL/6 mice were injected with 0.5 or 1 U/kg of insulin. Six
hours later, the mice were sacrificed, RNA was extracted from
liver, and apoa5 gene expression was analyzed by quantitative
PCR. A significant dose-dependent decrease in apoa5 mRNA
levels was observed (Fig. 1D). In mice treated with 1 U/kg of
insulin, apoa5 gene expression was decreased by 53% versus
controls. In this experiment, no triglyceride level was observed
(data not shown).

Effects of cycloheximide and actinomycin D on APOA5
mRNA expression. To investigate whether the insulin repres-
sion of APOA5 mRNA was dependent on ongoing protein
synthesis, HuH7 cells were treated with the translation inhib-
itor cycloheximide prior to insulin treatment (Fig. 2). Treat-
ment of cells with cycloheximide partially repressed APOA5
mRNA expression, indicating that proteins as the transcription
factors are likely involved in the basal transcription of the
APOA5 gene. However, the down-regulation of APOA5
mRNA remains unchanged after insulin treatment, showing
that de novo protein synthesis is not implicated in the insulin-
mediated down-regulation of APOA5 mRNA gene expression.
To further define the mechanism underlying the decreased
APOA5 steady-state mRNA level observed after insulin treat-
ment, we tested whether this down-regulation was a result of
changes in transcription. Thus, experiments were performed in
HuH7 cells with the RNA polymerase II inhibitor actinomycin
D prior to insulin treatment, which showed that APOA5

FIG. 1. Time- and dose-dependent down-regulation of APOA5 gene expression by insulin. APOA5 mRNA levels in hepatocytes were measured
as described in Materials and Methods. (A) Effect of 10 nM insulin on APOA5 gene expression in different hepatocyte models treated during 24 h.
The decrease (n-fold) in APOA5 gene expression is shown (black bars) versus control (white bar) (means � SD; n 
 3). (B) HuH7 cells were
cultured for different times with 10 nM insulin. Results are representative of three independent experiments. (C) Primary rat hepatocytes were
cultured for 24 h in the presence of increasing insulin concentrations up to 10 nM. (D) C57BL/6 mice were injected intraperitoneally with 0.5 or
1 U/kg of insulin (black bars) or vehicle as a control (white bars). Total RNA from liver was extracted 6 h after injection and subjected to a
quantitative PCR using 36B4 as a normalizing gene. The decrease (n-fold) in apoa5 gene expression is shown (means � SD; n 
 6). Statistically
significant differences between groups versus control were obtained with a Student t test and are indicated by asterisks (*, 0.01 � P � 0.05; **,
0.0001 � P � 0.01; and ***, P � 0.0001).
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mRNA expression is dramatically decreased when transcrip-
tion is inhibited. These results clearly suggested that APOA5
gene expression required ongoing transcription.

The human APOA5 promoter activity is decreased by insulin
and contains a functional E box. To determine if the insulin
repression of human APOA5 mRNA levels occurs at the tran-
scriptional level, we analyzed the promoter activity in tran-
siently transfected cells. We observed that insulin strongly
down-regulated promoter activity, with a nearly 70% decrease
when transfected cells were treated with the highest concen-
tration of insulin (Fig. 3A). This result supports the notion that
the regulation of human APOA5 by insulin occurs at the tran-
scriptional level. Deletion analyses were performed by tran-
sient transfections of HepG2 cells with three different con-
structs of the human APOA5 promoter (Fig. 3B). After 24 h of
treatment with insulin, the promoter activity with the trans-
fected �304/�63 and �146/�63 fragments was decreased. The
effect of insulin on promoter activity was abolished when cells
were transfected with the �61/�63 fragment. These results
suggested the presence of a responsive element to insulin in
the human APOA5 promoter spanning the differential region
from �146 to �61. This response element is hypothesized to
be responsible for the insulin-mediated transrepression of
APOA5 gene expression. Then we performed transfection ex-
periments with an APOA5 promoter fragment containing the
mutated E box (Fig. 3C). The effect of insulin on APOA5
promoter is abolished when the E box is mutated. Experiments
were controlled by the decrease of the promoter activity due to
the insulin treatment of transfected cells.

Insulin decreased the binding of USFs to the APOA5 E box.
Through sequence analysis of the APOA5 promoter, we iden-
tified a potential E-box element, 5�-CACGTG-3� at �76/�81,
that is strongly homologous with the consensus E box. Nuclear
extracts from insulin-treated cells were tested in an EMSA

assay by using three probes: a USF consensus E box as the
control probe, a wild-type APOA5 E box containing probe, and
a mutated APOA5 E box containing probe. The results clearly
showed a decrease in the nucleoprotein binding with extracts
from insulin-treated cells (Fig. 4). Since the USFs were initially
identified by their ability to bind to the E box, we investigated
whether these transcription factors are involved in APOA5
gene regulation. To elucidate which transcription factor is im-
plicated in this regulation, we tested whether the band ob-
served in the gel shift assay with nuclear extracts is affected by
the addition of specific antibodies. As shown in Fig. 4, the
anti-USF1 or anti-USF2 antibodies disrupted the band and
resulted in a supershift. It was verified that no crossing exists
between these two specific antibodies, whereas in this assay no
supershift was observed with anti-SREBP-1 antibody. Indeed,
SREBP is known as another important transcription factor
that binds E box and plays a crucial role in lipid metabolism.
Results were confirmed by using the in vitro transcribed-trans-
lated human USF1, which binds to the APOA5 E box. Last,
when the APOA5 E box is mutated, the binding of USF is
abolished. Here, our data strongly support the notion that
USF1 and USF2 are involved in the APOA5 gene regulation at
the transcriptional level.

USF binds the APOA5 E box in vivo. Having demonstrated
the binding of transcription factor USF1 to the APOA5 pro-
moter in vitro, we further analyzed by ChIP assay the in vivo
binding of USF1 to APOA5 promoter. HepG2 cells were cul-
tured in normal growth medium, and formaldehyde was added
to cross-link the DNA-protein complexes in vivo. As a negative
control, ChIP was performed without antibodies. As shown in
Fig. 5A, cross-linked chromatin was immunoprecipitated with
commercially available antibodies that specifically recognized
human USF1. After sonication, immunoprecipitation, and re-
versal of cross-linking, the DNA was purified and used as a
template for PCR amplification with primers that encompass
the region from �292 to �6 containing the E box (Fig. 5B). A
specific DNA fragment corresponding to this promoter region
was detected by PCR (Fig. 5C), cloned, and sequenced. These
data show that USF1 bound to the endogenous APOA5 pro-
moter in HepG2 cells in vivo.

The effect of USF1 on APOA5 transcription. To determine
whether the binding of USF1 to APOA5 promoter is func-
tional, we analyzed the promoter activity in transiently cotrans-
fected cells with the �304/�63 fragment of the human APOA5
promoter and USF1 (Fig. 6). We observed that USF1 clearly
increased the promoter activity by 8.5-fold, and this effect was
reduced when insulin was added. Experiments were controlled
by the decrease of the promoter activity due to the treatment
of transfected cells with insulin without cotransfected USF1.

The effect of insulin on APOA5 gene expression is mediated
by the PI3K phosphorylation pathway. Since insulin is a potent
activator of several phosphorylation cascades, PI3K is a well-
documented insulin-stimulated kinase that mediates the gene
regulation by insulin. We first used LY294002 and wortman-
nin, two inhibitors structurally distinct and specific to the PI3K
pathway (Fig. 7). Both PI3K inhibitors blocked insulin respon-
siveness and prevented a decrease in APOA5 mRNA levels.
These results suggested that the PI3K pathway is involved in
the insulin-mediated down-regulation of APOA5 gene expres-
sion. Next, to further elucidate the signaling pathway involved,

FIG. 2. Effects of cycloheximide and actinomycin D on insulin
down-regulation of APOA5 mRNA. Hepatocytes were pretreated with
cycloheximide (CHX; 5 �g/ml) or actinomycin D (ActD; 2.5 �g/ml) for
2 h or 90 min, respectively, and treated during 6, 12, or 24 h with 10 nM
insulin. Results obtained after 24 h of treatment are shown. The
APOA5 steady-state mRNA levels were measured by quantitative PCR
using 36B4 as a normalizing gene. Experiments were repeated at least
three times, and a representative result is shown.
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two other phosphorylation cascade inhibitors were used,
PD98059 to inhibit MAP kinase and staurosporine to block the
protein kinase C (PKC) pathway. In these two experiments, the
negative effect of insulin remains unchanged, indicating that
the down-regulation of APOA5 gene expression by insulin is
independent of both the MAP kinase and PKC phosphoryla-
tion pathways. Last, we tested rapamycin, an inhibitor of the
P70 S6 kinase involved in insulin responsiveness. Rapamycin,
an immunosuppressant that binds and inhibits the function of

mammalian target of rapamycin (mTOR), showed a 1.4-fold
increase in APOA5 mRNA levels. Thus, APOA5 insulin re-
sponsiveness seemed to be dependent on the mTOR/P70 S6
kinase pathway. Taken together, these results implicate PI3K
and P70 S6 kinase, but not MAP kinase or PKC, in the insulin-
mediated down-regulation of APOA5 gene expression.

FIG. 3. Effect of insulin on the human APOA5 promoter activity,
deletion analysis of the APOA5 promoter, and c functional analysis of
the APOA5 E-box element. (A) HepG2 cells were transfected with
empty reporter plasmid (striped bars) or the �304/�63 human APOA5
promoter fragment reporter plasmid (full bars). Cells were treated
with different concentrations of insulin and were lysed after 24 h of
treatment. (B) Schematic illustration of the reporter constructs used in
the transfection studies. Boxed sequences represent the E box. Cells
were transfected with different human APOA5 promoter fragment
reporter plasmids and treated with insulin. After 24 h of treatment, the
luciferase activity was measured. (C) HepG2 cells were transfected
with the APOA5 promoter fragment containing the wild-type E box
and with a construction containing a mutation of this E box. The
luciferase activity was measured and expressed as described in Mate-
rials and Methods. Results were expressed as means � SD (n 
 3).
Experiments were repeated at least three times, and a representative
result is shown. Statistically significant differences between groups
versus control were obtained with a Student’s t test and are indicated
by asterisks (*, 0.01 � P � 0.05; **, 0.0001 � P � 0.01; and ***, P �
0.0001). White bars represent the control without insulin, and black
bars represent the promoter activity after a treatment with insulin.
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The nonphosphorylated form of USF1 binds to APOA5 E
box. To investigate the phosphorylation state of USFs that
bound to the APOA5 promoter, nuclear extracts were isolated
from HepG2 cells and incubated with the oligonucleotide
probe containing the APOA5 E box. After incubation with
streptavidin-Sepharose beads, the oligonucleotide-protein
complex and the supernatant were analyzed by Western blot-
ting with anti-USF1 and antiphosphothreonine or antiphos-
phoserine antibodies (Fig. 8). These results demonstrated that
a large amount of USF1 from nuclear extracts, a 43-kDa pro-
tein, bound the APOA5 E box, and a small amount of USF1
that did not bind to APOA5 E box was detected in the super-
natant. Analyses with antiphosphothreonine or antiphospho-
serine did not detect the USF1, which bound to the APOA5 E
box, but did detect an approximate 43-kDa phosphoprotein in
the supernatant. Our data indicated clearly that in hepatic

cells, a large quantity of USF1 was not phosphorylated, and
these findings revealed that in our experiment the nonphos-
phorylated form of USF1 binds to APOA5 E-box.

The ApoAV protein level is reduced in experimentally in-
duced hyperinsulinemia in men. An insulin clamp study in
humans was carried out to analyze the effect of insulin on
human ApoAV levels in vivo (Fig. 9). For this study, 12 healthy
men were recruited, and insulin was infused in a continuous
manner at a rate of 1 mU/kg/min over 8 h. Glycemia was
maintained at normal levels by adjusting the rate with a 20%
glucose infusion. This experimentally induced hyperinsulin-
emia significantly reduced serum ApoAV protein levels at 3.5
and 8 h by 52 and 72%, respectively, versus levels in the
control. However, no change in triglyceride levels was observed
within this short time (data not shown). Moreover, ApoCIII,
which is a target gene of insulin, was not affected in this study
(data not shown).

DISCUSSION

Interest in this topic stems from the clinical observations
showing that hyperinsulinemia and insulin resistance are asso-
ciated with a hypertriglyceridemic state and the fact that
APOA5 is negatively correlated with triglyceride levels. We
examined the regulation of APOA5 gene expression by insulin
and found a significant decrease.

For in vitro studies, HepG2 and HuH7 cells were chosen
because they both express the APOA5 gene as well as the
insulin receptor. In both hepatic cell lines, we found a signif-
icant time-dependent decrease in endogenous mRNA levels
after cell treatment with 10 nM insulin. Experiments investi-
gated in primary rat hepatocytes showed that this down-regu-
lation observed after a 24-h treatment was dose dependent. So,
the insulin-mediated down-regulation of APOA5 gene expres-
sion was shown in vitro in human and rat hepatocytes and was
confirmed in vivo in insulin-injected mice. Insulin has previ-
ously been shown to regulate the expression of several genes
including APOA1, APOC3, and APOA4. We confirmed here
that rat apoc3 gene expression is decreased by nearly fourfold
in our experiments (data not shown). It is well established that
the plasmatic concentration of ApoCIII is positively correlated
with levels of plasma triglycerides (33, 49). Nevertheless, its
decrease by insulin could not explain the cause of hypertriglyc-
eridemia associated with hyperinsulinemia.

We demonstrated that the insulin-mediated down-regula-
tion of APOA5 occurs at the transcriptional level. The pro-
moter activity in transfected HepG2 cells with human APOA5
was decreased in a dose-dependent manner, and deletion anal-
yses of the promoter allowed the identification of an 85-bp
DNA fragment likely to contain an element responsive to in-
sulin.

Insulin regulates many genes at the transcriptional level, but
the molecular mechanism responsible for this regulation is
hampered by the fact that there is no consensus insulin re-
sponse element that accounts for the regulation of all insulin-
responsive genes (23). The analysis of the 85-bp candidate IRS
fragment allowed the selection of a 30-bp fragment containing
a putative E box located at �76/�81, similar to the consensus
motif, which could potentially explain the APOA5 responsive-
ness to insulin. Moreover, it was clearly demonstrated that
when the E box located at �76/�81 is deleted or mutated, the

FIG. 4. EMSA and supershift assay of nuclear extracts. Experi-
ments were performed with nuclear extracts from HepG2 cells or with
in vitro transcribed-translated human USF1 or unprogrammed reticu-
locyte lysate. Each reaction contained 2.5 �g of nuclear extracts, 1	
gel shift reaction buffer, 2.5 �g of poly(dI-dC), 1 �g of herring sperm
DNA, and 1 �l of [�-32P]ATP-labeled probe. Three probes were used
for experiments: a USF consensus E box as the control (con) probe, a
wild-type (WT) APOA5 E-box-containing probe, and a mutated (mut)
APOA5 E-box-containing probe. For the supershift assay, 1 �g of
specific antibodies was added in the reaction mixture. After incuba-
tions on ice, samples were applied to a 5% nondenaturing polyacryl-
amide gel. The gel was dried and exposed to a film with an intensifying
screen. Experiments were repeated at least three times.
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promoter activity of human APOA5 is dramatically abolished.
This 30-bp fragment was used in an EMSA of nuclear extracts
from HepG2 cells. Results obtained by EMSA clearly showed
the binding of a transcription factor to the APOA5 E box and
demonstrated that treatment of cells under hyperinsulinemic
conditions prevented the binding of nucleoproteins to the pro-
moter. The transcriptional regulation of lipogenic genes, such

as FAS, by insulin is well studied; however, variance of the data
from different groups suggests either USF (7, 54, 62, 63) or
SREBP-1 (28) as being the key activator acting through the
FAS E box. Recent work reported by Jakel et al. (26) has

FIG. 5. ChIP analysis of USF interaction with APOA5 promoter in vivo. (A) Western blot analysis of immunoprecipitated USF in HepG2 cells.
As a negative control, chromatin immunoprecipitation was performed without antibodies (USF1�). (B) Schematic representation showing the USF
binding site (E box). Two arrows indicate primers used for amplifying the region from �292 to �6 spanning the USF binding site. (C) Formal-
dehyde cross-linked chromatin isolated from HepG2 cells was immunoprecipitated with antibodies and subjected to PCR as described in Materials
and Methods. PCR products were electrophoresed on 2% agarose gel.

FIG. 6. E-box requirement for insulin regulation of the APOA5
promoter. HepG2 cells were cotransfected with the �304/�63 human
APOA5 promoter fragment reporter plasmid and the USF1 expression
plasmid. After 24 h of treatment with 10 nM insulin, cells were lysed,
and the luciferase activity was measured and expressed as described in
Materials and Methods. Results were expressed in luciferase activity
(means � SD; n 
 3). Experiments were repeated at least three times,
and a representative result is shown. Black bars, insulin; white bars,
control; RLU, relative light units.

FIG. 7. Effects of phosphorylation inhibitors on the APOA5 gene
expression down-regulation by insulin. Before the addition of insulin,
inhibitors were added to treat HuH7 cells for 1 h. The concentrations
used were as follow: LY294002, 10 �M; wortmannin, 10 nM; PD98059,
10 �M; staurosporine, 5 nM; and rapamycin, 10 nM. The same volume
of vehicle (DMSO) was used as the negative control (white bar). Cells
were incubated with 10 nM insulin (black bars) for 24 h. Total RNA
was isolated from the cells and subjected to a quantitative PCR using
36B4 as normalizing gene. Induction (n-fold) of APOA5 gene expres-
sion is shown (means � SD; n 
 3). Experiments were repeated three
times, and a representative result is shown.
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established the role of SREBP-1c in the down-regulation of
APOA5 gene expression by a liver X receptor ligand. Authors
showed the presence of two E-box elements located at �10/
�15 and at �76/�81 that are implicated in SREBP-1c-medi-
ated down-regulation of APOA5; nevertheless, SREBP-1c was
demonstrated to preferably bind the �10/�15 E box. In our
study, utilization of specific antibodies against USF1 and USF2
completely disrupted the band obtained in EMSA experi-
ments, and no supershift was observed with anti-SREBP-1
antibody. Thus, these results clearly demonstrated the speci-
ficity of USF binding to the APOA5 E box located at �76/�81.

Consequently, APOA5 regulation by insulin is mediated
through the binding status of USF to the E box located at
�76/�81. Since we have demonstrated a binding of USF1 to
the APOA5 E box in vitro, we investigated the binding of USF
to the APOA5 promoter in vivo. We performed a ChIP assay to
cross-link the DNA-protein complexes in vivo, and we showed
that USF1 bound to the endogenous APOA5 promoter in
HepG2 cells. Cotransfection assays showed that USF1 signifi-
cantly increased APOA5 promoter activity, and this increase is
affected when insulin is added. Thus, the functionality of the
APOA5 E box located at �76/�81 was clearly demonstrated.
Indeed, when the APOA5 E box is deleted or mutated, it lost
its ability of binding to USF, and the effect of insulin was
completely abolished.

Since the novo protein synthesis was not involved and the
binding of USFs in vitro was disrupted after insulin treatment,
it was reasonable to hypothesize a modification of USF protein
through insulin action that could affect the binding to the
APOA5 E box. Many metabolic actions of insulin are mediated
through pathways, which include the activation of PI3K and,
consequently, the activation of its downstream target, PKB/Akt
(5, 17, 30–32). In this report, we provide evidence that the
mechanism of regulation by insulin is mediated by the PI3K
signaling pathway and seems to be independent of the MAP
kinase or the PKC signaling pathways. Indeed, inhibitors of
PI3K (LY294002 and wortmannin) abolished the insulin down-
regulation of endogenous APOA5 mRNA. The P70 S6 kinase
is activated by the phosphorylation cascade involving the se-
quential activation of PI3K, PDK1/2, PKB/Akt, and mTOR
kinase. Phosphorylation of the ribosomal protein S6 by the P70
S6 kinase stimulates the translation initiation of mRNAs and

FIG. 8. Oligonucleotide precipitation of USF1 from hepatic nu-
clear extracts. The experiment was performed by using 10 �g of nu-
clear extracts from HepG2 cells. First, a 5� –biotin-labeled oligonucle-
otide probe containing the APOA5 E box was used for the formation
of the oligonucleotide-protein complex. Then, streptavidin-Sepharose
beads were added to interact with the biotinylated DNA-protein com-
plex. Immunoblot analyses were done with anti-USF1, antiphospho-
threonine, or antiphosphoserine as the primary antibody. Experiments
were repeated at least three times, and a representative result is shown.
Ab, antibody.

FIG. 9. Effects of insulin on the plasma ApoAV protein level in humans. Plasma ApoAV protein level was measured in humans after infusion
of insulin (solid line) or saline (dashed line). Insulin was infused at a rate of 1 mU/kg/min for 8 h. Blood samplings from each subject were collected
at different times. The first sample was collected 30 min before the beginning of insulin or saline infusion; the second sample was collected just
after the start of infusion. The third and the fourth samples were collected 3.5 and 8 h, respectively, after the infusion. Results are expressed as
means � SD (n 
 12). Statistically significant differences between groups versus the control were obtained with a Student’s t test and are indicated
by asterisks (*, 0.01 � P � 0.05; **, 0.0001 � P � 0.01; and ***, P � 0.0001).
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entry into the cell cycle. Thus, rapamycin, an inhibitor of the
FRAP/mTOR kinase, inhibits the ribosomal P70 S6 kinase.
Here, our data showed an increase in APOA5 gene expression
when cells were treated with rapamycin. This up-regulation
may be explained by another important function of this inhib-
itor. Indeed, FRAP/mTOR is known to phosphorylate the P70
S6 kinase via the phosphorylation-dependent inactivation of
the protein phosphatase 2A. Rapamycin treatment results in a
rapid dephosphorylation and inactivation of the P70 S6 kinase
through the inactivation of the FRAP/mTOR kinase and acti-
vation of protein phosphatase 2A by its dephosphorylation (24,
43).

Taken together, our results demonstrated that, through the
PI3K and P70 S6 kinase pathways, a phosphorylation and de-
phosphorylation mechanism could modulate the ability of
USFs to bind APOA5 promoter and, consequently, their trans-
activation function. The oligonucleotide precipitation of USF1
from HepG2 nuclear extracts followed by immunoblot analyses
showed that USF1, which binds APOA5 E box, is not phos-
phorylated and exists in a large amount in hepatic cells. How-
ever, only a small amount of USF1 was not phosphorylated and
failed to bind to the APOA5 E box. By contrast, it has been
demonstrated that the phosphorylated form of USF1 bound
DNA preferentially to transactivate certain genes (10, 20).
Nevertheless, no conclusive report on the regulation of USF by
a phosphorylation and dephosphorylation mechanism has been
reported before. Our data suggest a potential mechanism
whereby insulin stimulates the PI3K pathway inducing the

phosphorylation and binding exclusion to APOA5 promoter of
the transcriptional activator USF, thereby resulting in the
down-regulation of APOA5 gene expression (Fig. 10). The
phosphorylation site prediction for the HLH DNA binding
domain of USF1 shows potential phosphorylation on threo-
nines and/or serines. The potential phosphorylation of these
sites induced by insulin-stimulated kinase could probably alter
the binding of USF1 to DNA.

Last, we assessed the effect of the insulin in healthy men by
using an euglycemic hyperinsulinemic clamp study. The data
showed a decrease in plasma ApoAV protein levels in a short
time following treatment. The inhibitory effect of insulin on
ApoAV seems to present a paradox in connection to what has
been previously reported on hyperinsulinemia and insulin re-
sistance, where there is a lack of insulin action and an increase
in hypertriglyceridemia. Recently, ApoAV was demonstrated
to enhance the catabolism of triglyceride-rich particles (18,
48). In our study, the triglyceride as well as ApoCIII levels
were not affected within a short time, but the early decrease in
ApoAV levels could initiate a delay in the catabolism of tri-
glyceride-rich particles, resulting in their accumulation in the
plasma and the consequent hypertriglyceridemia.

In summary, our in vitro and in vivo studies demonstrated
that insulin decreases APOA5 gene expression in humans and
rodents. This down-regulation occurs at the transcriptional
level and is mediated by the PI3K and P70 S6 kinase signaling
pathways. Binding and transfection studies allowed us to un-
derscore the importance of USFs as transcriptional factors

FIG. 10. A proposed model for the roles of USF1 and USF2 in the regulation of APOA5 gene transcription. Under insulin, the PI3K pathway
is stimulated, inducing a phosphorylation of USF. The phosphorylated complexes lose their ability to bind APOA5 promoter and, consequently,
their transactivation function.
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required for the regulation of the APOA5 gene through a
phosphorylation-dephosphorylation mechanism. Moreover, we
have shown that insulin decreases ApoAV protein levels in
humans after insulin administration.

These results suggest that the insulin-mediated down-regu-
lation of the APOA5 gene could potentially contribute to the
development of the hypertriglyceridemia associated with hy-
perinsulinemia.
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